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The moth and the aspen tree: Sodium in early postnatal devel-
opment. Over the past 25 years, our perception of the neonatal
kidney has changed markedly from its being a “limited” organ
compared with that of the adult to being extraordinarily well
adapted in its role in maintaining homeostasis and making
possible the rapid somatic growth necessary during this critical
period of life. The present review focuses on the physiologic
adaptations by the neonatal kidney in the maintenance of a
positive sodium balance, which is necessary for normal growth
not only in mammals but also in moths. There is a fine interplay
between the developing brain, heart, thyroid, adrenals, and
sympathetic nervous system, all converging on the kidney to
conserve sodium, which is limited in the diet. The renin-angio-
tensin system plays a central role in this response and is bal-
anced by developmental changes in the renal response to atrial
natriuretic peptide, all of which contribute to sodium conserva-
tion. Over the next 25 years, advances in molecular genetics
will doubtless elucidate many more facets of the mechanisms
underlying neonatal sodium homeostasis. This will be particu-
larly important as the survival of ever smaller preterm infants
improves steadily.
Although the neonatal kidney indeed may be a functionally imper-
Fig. 1. (A) Leaves of the aspen tree, Populus tremuloides, which con-fect organ, intuition, prejudice, and a knowledge of evolution lead
tain a sodium concentration of only three parts per million (p.p.m.),us to expect otherwise.
far lower than that of most trees, which is extremely low compared
Nash and Edelmann [1]. with the average human meal containing 5000 p.p.m. of sodium. (Repro-
duced by permission of Edward C. Jensen, Oregon State University.)
(B) Male moth, Gluphisia septentrionis, ejecting an anal squirt of waterThe caterpillar of Gluphisia septentrionis, a small moth,
while drinking from a puddle. Sodium is transported across the ileum,feeds on the leaves of the quaking aspen tree (Fig. 1A). resulting in a net gain of over 10 mg sodium by the moth. This is
It so happens that the sodium content of aspen leaves transferred to the female at mating, for incorporation into the eggs.
The larvae can then survive and thrive on the preferred food plant, theis significantly lower than average for trees [2]. The adult
aspen, that has a very low sodium content. (Reproduced with permissionmale moth, however, has developed an extraordinary from Smedley SR, Eisner T: Sodium uptake by puddling in a moth.
adaptation to this environmental quirk. He has special- Science 270:1816–1818, 1995. Copyright 1995 by the American Associa-
tion for the Advancement of Science [2].)ized mouth parts and a gut that enable him to imbibe
prodigious amounts of water from puddles [2]. He ejects
this liquid as anal jets at a rate that would translate to
tent eightfold (Fig. 1B) [2]. Although the female does notnearly 4 L/sec in the human (based on body weight) and,
engage in this behavior, she receives a significant sodiumduring this process, increases his total body sodium con-
load from the male sperm package at the time of mating
[2]. Thus, “salting of the eggs” delivers to the newborn
Key words: growth and development, homeostasis, angiotensin, atrial caterpillars the sodium necessary for rapid growth.natriuretic peptide, neonate kidney.
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Fig. 3. Effect of sodium balance on salt hunger in the preweaned rat.
Intakes of water and 3% NaCl by 22-day-old rat pups on liquid saturated
Fig. 2. Body weight gain of weanling rats as a function of daily sodium towels in an incubator. Symbols are: (j) control pups; ( ) sodium-
intake over five weeks (starting at 3 weeks of age). Minimal daily depleted pups, *P , 0.001. Regardless of prior sodium intake, all pups
requirement for normal growth is 300 mEq sodium or 60 mEq/g of new ingesting water lose weight, whereas only sodium-depleted animals
growth. [Reproduced with permission from the Journal of Nutrition drink sufficiently to gain weight. (Reproduced with permission from
(vol 117, p 1623, 1987); copyright 1987 by the American Society for Neuroscience and Biobehavioral Reviews; copyright 1999 by Elsevier
Nutritional Sciences] [4]. Science) [16].
tive function caused by abnormal medullary architecture,This article reviews the evidence for the importance of
this may result in a vicious cycle leading to accelerationsodium conservation in developing mammals, including
of the renal lesions.the human neonate [3]. Not only does sodium restriction
impair the growth of neonatal rats, a dose–response curve
can be generated relating body weight gain to daily sodium SODIUM APPETITE IN DEVELOPMENT
intake, which is linear between 30 and 300 mEq/day (Fig. In the neonatal rat, sodium preference (ingestion of salt
2) [4]. Of interest, sodium supplementation in preterm solution in preference to water) is apparent at 5 days of
infants enhances the cumulative weight gain following age [12], and acute sodium loss at 15 days of age increases
the initial postnatal diuresis [5]. Most noteworthy is the sodium intake in adulthood [13]. This has corollaries in
fact that even following the period of sodium supplemen- the human: Infants whose mothers suffered from severe
tation, these infants continue to maintain a greater body morning sickness and vomiting during pregnancy have an
weight than those not receiving supplemental sodium increased preference for salt [14, 15]. In response to so-
[5]. Moreover, children with Bartter’s syndrome have pro- dium depletion, the neonate can manifest sodium hunger,
found salt wasting and suffer from growth retardation, which supersedes sodium preference [16]. Whereas pre-
weaned rat pups placed on a towel saturated with waterwhich can be attenuated by treatment with potassium
or with 3% NaCl lose weight, sodium-depleted pupssupplements and prostaglandin synthetase inhibitors [6].
drink enough of the 3% NaCl solution to gain weightThe importance of sodium intake is also recognized for
(Fig. 3). As a driver of sodium hunger, many lines ofinfants with chronic renal insufficiency caused by ob-
evidence point to the importance of the central renin-structive nephropathy or renal dysplasia. Supplementa-
angiotensin system, which is present in the fetal andtion enhances growth and development [7]. Although
neonatal rat brain [16]. The earliest increase in salt intakethe mechanism of action of sodium as a growth factor
in response to sodium depletion appears in the neonatalis not clear, sodium deficiency impairs DNA synthesis
rat abruptly at 12 days of age and is independent ofin proximal tubular cells of weanling rats [8]. We also
hydration: 24-hour maternal separation increases byhave demonstrated a deleterious effect of sodium deple-
50% the amount of 3% NaCl solution the animals drinktion on the evolution of obstructive nephropathy in the
spontaneously as adults [16]. The long-term behavioralrat. Whereas sodium depletion normally stimulates in-
programming induced by altered sodium intake in earlycreased activity of renal antioxidant enzymes, this re-
development is a dramatic example of the importancesponse is abrogated in the kidney with ipsilateral ureteral
of sodium homeostasis in this critical period.obstruction [9]. Ureteral obstruction significantly in-
creases the production of reactive oxygen species in the
TRANSITION FROM NEGATIVE TO POSITIVEkidney [10], and these compounds stimulate apoptosis
SODIUM BALANCEand interstitial fibrosis, which are hallmarks of obstruc-
tive nephropathy [11]. Since infants with obstructive ne- It is important to separate the developmental renal
response to sodium deprivation in the perinatal and laterphropathy frequently have impaired sodium reabsorp-
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Fig. 5. Net external sodium balance for preterm infants in the first
three weeks of life. Symbols are: (h) control infants; (j) sodium-
supplemented infants, 4 to 5 mEq/kg/day; *P , 0.0005 vs. controls. In the
first two to four days after birth, infants undergo natriuresis regardless of
sodium intake, whereas by one week, supplemented infants achieve
positive sodium balance sooner than controls. (Reproduced with per-
mission from Archives of Disease in Childhood 59:945–950, 1984; copy-
right 1984 by Blackwell Science, Inc.) [5].
tional sodium excretion (Fig. 4) [19]. The postnatal in-
crease in GFR is greatest in term infants, while the reduc-
tion in fractional sodium excretion is greatest in very
low birth weight infants (Fig. 4). In sheep, the transitional
decrease in fractional sodium excretion is independent
of changes in renal hemodynamics, pointing to tubular
adaptations [18].
Regardless of sodium supplementation, human neo-
nates remain in negative sodium balance for the first
four days of life and then shift to positive sodium balance
by the second and third weeks of life (Fig. 5) [5]. This is
reflected in a progressively decreasing fractional sodium
excretion after the first week of life, with fractions of
less than 1% in the majority of infants [20]. Factors
that contribute to this transition include increased renal
sympathetic nerve activity (through a1 receptor stimula-
tion) and rising circulating catecholamines [21, 22]. Renal
Fig. 4. (A) Creatinine clearance during the first two weeks of life in
sympathetic nerve activity increases immediately afterpreterm and term infants. (B) Fractional excretion of sodium in the
same patients. Sodium is avidly conserved despite a dramatic increase birth in the sheep, and plasma epinephrine and norepi-
in GFR. (Reproduced with permission from Pediatric Research 36:572– nephrine increase several-fold immediately following577, 1994 and Williams and Wilkins) [19].
birth in the sheep as well as in the human [18, 23]. Very
low birth weight infants have a more prolonged period
of negative sodium balance following birth, while those
neonatal periods. Preterm infants lose up to 16% of their with a gestational age of greater than 32 weeks achieve
body weight during the three days after birth if they are
positive sodium balance sooner [24]. The capacity forgiven no intake; in term infants, the loss is proportion-
postnatal homeostatic adaptation is remarkable even forately less [17]. This so-called physiologic natriuresis at
very low birth weight infants. Whereas GFR is relativelybirth represents mobilization of extracellular fluid, which
unaffected by a transition from the uterine to the extra-is proportionately greater in the preterm compared with
uterine environment (Fig. 6A), there is a marked reduc-the term infant. In the sheep (a species with renal matura-
tion in fractional sodium excretion following deliverytion similar to the human), glomerular filtration rate
even in infants with a gestational age of less than 30(GFR) increases steadily after birth, while fractional so-
weeks (Fig. 6B) [25]. In preterm infants, the fractionaldium excretion progressively decreases [18]. Recent
distal tubular reabsorption increases to values similar tostudies in the human also indicate a steady increase in
GFR following birth, with a rapid decrease in the frac- term infants by two weeks after birth [26].
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Fig. 7. Effect on urine flow of giving hypertonic saline to adults and
infants. In contrast to the prompt and marked diuresis in adults, the
administration of saline to infants resulted in an attenuated and pro-
longed diuresis. (Reproduced with permission from the Physiological
Society and Journal of Physiology 109:81–97, 1949) [27].
in the neonate, modulation of the renal response to acute
volume expansion by dietary sodium supports the hy-
pothesis that the limited sodium available in maternalFig. 6. (A) Creatinine clearance (CCr) for human fetuses from 20 weeks
(j) and corresponding preterm neonates (d). There is little effect of milk elicits an adaptive antinatriuretic renal tubular re-
parturition on CCr for a given gestational age. (B) Fractional excretion sponse.of sodium (FENa) in the same subjects. There is a marked reduction in
FENa in postnatal infants compared with fetuses at each gestational age.
(Reproduced with permission from the British Journal of Urology and
RENAL TUBULAR DEVELOPMENT ANDBlackwell Science, Inc. [25], and is based on data from the following
sources: Nicolaides et al, Am J Obstet Gynecol 166:932–937, 1992; Moniz SODIUM TRANSPORT
et al, J Clin Pathol 38:468–472, 1985; Rabinowitz et al, Am J Obstet
There is a progressive maturation of each tubular seg-Gynecol 161:1264–1266, 1989; Harrison et al, J Pediatr Surg 17:728–742,
1982; and Al-Dahhan et al, Arch Dis Child 58:335–342, 1983.) ment, all of which contribute to the maintenance of so-
dium homeostasis during early postnatal development
[29]. Since absolute sodium reabsorption and proximal
tubule length increase during development, sodium reab-
EXCRETION OF AN ACUTE SODIUM LOAD sorption per unit tubular length increases several-fold
While the term infant is able to conserve sodium avidly, [30]. The reabsorptive flow rate per unit hydrostatic pres-
Dean and McCance demonstrated over 50 years ago that sure is tenfold greater in young than in mature animals,
excretion of an acute sodium load is diminished in ampli- and oncotic pressure-driven flow accounts for a greater
tude and prolonged compared with the adult (Fig. 7) fraction of total absorptive flow compared with the adult
[27]. Whereas this had previously been regarded as a [31, 32]. In the proximal tubule, most sodium reabsorp-
“limitation” of the immature kidney, we hypothesized tion follows chloride or bicarbonate reabsorption. Activ-
that limited dietary sodium in maternal milk results in ity of the apical membrane Na/H exchanger (NHE) in-
the reduced diuretic and natriuretic response to acute creases during the neonatal period in several species
volume expansion in the neonatal period. We demon- [33–35]. Activity of the chloride/formate exchanger also
strated that GFR did not increase following 1% acute has been shown to increase from the fetal to the neonatal
volume expansion in artificially reared neonatal rat pups period [35]. Following birth, there is a progressive matu-
receiving either normal or high sodium intake, but in- ration of the basolateral sodium-potassium ATPase ac-
creased significantly in adult rats receiving a high sodium tivity [36]. In the guinea pig, there is a significant post-
intake [28]. However, whereas urine sodium excretion translational increase in both a1 and b1 subunits immedi-
increased minimally in neonatal rats receiving a normal ately after birth [37]. Whereas sodium and phosphate
sodium intake, there was a dramatically increased re- reabsorption are linked and there is a marked increase in
sponse to volume expansion in those receiving sodium tubular phosphate reabsorptive capacity in the neonate
supplementation (Fig. 8A) [28]. Adult rats demonstrated [38], variations in phosphate concentration do not influ-
a significant increase in sodium excretion following vol- ence the apparent Km for sodium [39]. In the loop of
Henle of the rabbit and rat, postnatal increases in theume expansion regardless of the sodium intake. Thus,
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plasm, whereas on a low-sodium diet, the subunits are
localized to the apical pole of the tubular epithelial cell
[46]. The tubular mechanisms for sodium transport are
functional in the neonate, albeit at less mature stages.
RENIN-ANGIOTENSIN SYSTEM
Since the renin-angiotensin system is highly activated
in early development [47], we next hypothesized that the
attenuated natriuresis in the normal neonate is mediated
by angiotensin II. To test this hypothesis, neonatal rat
pups were given daily injections of the angiotensin II
type 1 (AT1) receptor inhibitor losartan and were com-
pared with control littermates receiving saline vehicle
[48]. Although there was no increase in GFR following
volume expansion in the losartan-treated rats, acute vol-
ume expansion promptly increased urine sodium excre-
tion in these animals (Fig. 8B) [48]. In contrast, fractional
sodium excretion remained very low before and after
volume expansion in control rat pups [48]. Urine potas-
sium excretion was significantly increased in the losartan-
treated rats and increased further following acute vol-Fig. 8. (A) Effect of chronic sodium loading on the natriuretic response
of preweaned rats to acute saline volume expansion. Symbols are: (solid ume expansion. The pre-expansion plasma aldosterone
line) controls; (dashed line) sodium-loaded rats; *P , 0.05 vs. controls;
concentration was not different between control and lo-#P , 0.05 vs. pre-expansion periods. The attenuated natriuretic re-
sponse of the neonate to acute volume expansion is therefore a regula- sartan-treated groups. Thus, the attenuated neonatal na-
tory response to relative sodium depletion. [Reproduced with permis- triuretic response to acute volume expansion is due to
sion from the American Physiological Society; American Journal of
stimulation of tubular sodium reabsorption by angioten-Physiology, vol. 269 (Regulatory Integrative Comp. Physiology 38), (p.
R15–R22), 1995] [28]. (B) Effect of chronic angiotensin AT1 receptor sin II acting on the AT1 receptor. Although possibly
inhibition on the natriuretic response of preweaned rats to acute saline caused by activation of the systemic renin-angiotensin sys-
volume expansion. Symbols are: (solid line) controls; (dashed line)
tem, this is likely to be at a proximal tubular site, as en-losartan-treated rats; *P , 0.05 vs. controls; #P , 0.05 vs. losartan-
treated animals. The avid tubular sodium reabsorption leading to an dogenous angiotensin II augments proximal tubular trans-
attenuated natriuretic response to volume expansion in the neonate is port to a greater degree during volume contraction [49].
therefore largely a function of angiotensin II binding to the AT1 recep-
Preterm infants not receiving sodium supplementstor. [Reproduced with permission from the American Physiological
Society; American Journal of Physiology, vol. 270 (Regulatory Integ- demonstrate marked increases in plasma renin activity
rative Comp. Physiology 39), (p. R393–R397), 1996] [48]. and plasma aldosterone during the first three weeks of
life (Fig. 9) [50]. In contrast, in sodium-supplemented
infants, there is no consistent change in these measures
activity of sodium-potassium ATPase are greater than of the renin-angiotensin system (Fig. 9) [50]. This sup-
in other tubular segments [40, 41]. Micropuncture studies ports the concept that the activity of the renin-angioten-
have shown significantly enhanced distal tubular, sodium sin system in the neonate is driven by sodium homeo-
reabsorption both during hydropenia and following vol- static requirements.
ume expansion [42]. The distribution of sodium-potas-
sium ATPase a-subunit of the neonatal rabbit collecting
ATRIAL NATRIURETIC PEPTIDEduct increases in a centripetal pattern, in parallel with
nephron development [43]. The recent cloning of the Atrial natriuretic peptide (ANP) modulates sodium
three subunits of the amiloride-sensitive sodium channel homeostasis by binding to biologically active receptors
has revealed its importance in neonatal homeostasis. increasing intracellular generation of cyclic 39,59-guano-
Mice with a deficient b subunit of the channel have renal sine monophosphate (cGMP) [51]. cGMP, in turn, inhib-
sodium wasting despite hyponatremia [44]. Moreover, its sodium transport through inhibition of apical sodium
infants with pseudohypoaldosteronism type 1 resulting channels in tubular epithelial cells, leading to natriuresis.
from mutations of the sodium channel have severe neo- Circulating levels of ANP are elevated in the immediate
natal salt wasting [45]. The subcellular localization of the postnatal period and fall rapidly to adult levels by the
sodium channel subunits in mouse kidney is regulated by end of the first month of life [52]. In preterm infants,
dietary sodium. On a high-sodium diet, the subunits are the volume of the right atrium decreases over the initial
four days of life, with parallel reductions in plasma ANPundetectable or evenly distributed throughout the cyto-
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an organic acid transporter required for egression of
cGMP [62]. We have reported that following intravenous
infusion of ANP into young or adult rats, cGMP is pro-
duced in glomerular podocytes [63]. Extrusion of cGMP
to the extracellular space may be necessary for its physio-
logic action: Exposure of cultured monolayers of tubular
epithelial cells to extracellular, but not intracellular,
cGMP inhibits sodium transport [64]. As shown in Figure
10A, circulating ANP in the adult or sodium-loaded neo-
nate stimulates the production of cGMP by podocytes,
from which it is extruded to the tubular fluid, where
it inhibits tubular sodium reabsorption. In the neonate
receiving a normal sodium intake, extrusion of cGMP
from the podocytes is reduced, thereby enhancing tubu-
lar sodium reabsorption (Fig. 10B).
DOPAMINE
Fig. 9. Effect of chronic sodium supplementation (3 to 5 mEq/kg/day
Under conditions of moderate sodium intake, renalfor 2 weeks, followed by 1.5 to 2.5 mEq/kg/day for the following 2 weeks)
on plasma renin activity (A) and plasma aldosterone concentration (B) dopamine production is increased, and sodium transport
in preterm infants in the first six weeks of life. Symbols are: (j) sodium- is decreased, while during sodium depletion, dopaminesupplemented infants; (h) control infants. Sodium supplementation
production is decreased, and D2 receptors increase prox-suppresses the normally increased circulating levels of renin and aldoste-
rone in the neonate. (Reproduced with permission from Masson Pub- imal tubular sodium reabsorption [65]. As with ANP,
lishing USA) [50]. the renal natriuretic response to dopamine is decreased
in the immature compared with the adult dog [66]. In
response to endogenous dopamine, DA2 receptors en-concentration and urinary cGMP excretion [53]. As with
hance sodium reabsorption in preterm infants, but en-angiotensin, ANP also appears to be regulated in re-
hance sodium excretion in adults [66, 67]. It appears thatsponse to the neonate’s sodium requirements. While the
the maturation of the renal response to dopamine is de-plasma ANP concentration falls postnatally in infants
pendent on coupling of the DA1 receptor to G protein-receiving a low-sodium diet, those receiving sodium sup-
adenylyl cyclase complex (modulating the NHE) or a re-plementation maintain elevated levels [54]. Acute saline
duced inhibitory effect on Na,K-ATPase activity, rathervolume expansion results in a smaller rise in plasma ANP
than on changes in receptor density or affinity [68, 69].
concentration in preweaned rats or goats than in adult
animals [55, 56]. This may contribute to the reduced
natriuresis in neonates compared with adults subjected GLUCOCORTICOIDS AND THYROID HORMONE
to acute volume expansion. Plasma cortisol levels increase markedly immediately
Infusion of ANP in young rats or sheep results in after birth [70]. This increase results in a stimulation
less natriuresis than in adults [57, 58]. Unlike the adult of tubular NHE and Na,K-ATPase activity during the
response, the neonatal natriuretic response to ANP is transition from fetal to neonatal life [71, 72]. Thyroid
independent of an increase in GFR, pointing to a primary hormone levels also increase sharply at the time of birth
tubular mechanism [57, 58]. Another neonatal adapta- and appear to regulate Na,K-ATPase activity [73, 74].
tion to sodium conservation is a greater activity of the so- In addition, there may actually be a synergistic action
called clearance receptors in the neonatal rat, resulting in between pharmacologic concentrations of glucocorti-
lower plasma ANP levels [59]. Moreover, the production coids and thyroid hormones in the maturation of tubular
of cGMP by isolated glomeruli exposed to cGMP falls sodium transport, analogous to their effects on fetal lung
during the first week of life, such that cGMP production maturation [75, 76].
per ANP binding site decreases rapidly during the suck-
ling period [60]. Incubation of glomeruli from neonatal
CONCLUSIONrats receiving a high-sodium intake releases more cGMP
into the medium than glomeruli from animals on a nor- Sodium appears to act as an essential growth factor
mal-sodium intake [61]. Following prolonged exposure throughout the animal kingdom, from moths to mam-
to ANP, glomeruli from adult rats extrude more cGMP mals. The central nervous system is programmed to man-
to the extracellular medium than those from neonates, ifest sodium hunger in the neonate, and early sodium
deprivation can program salt hunger into adulthood. Faran effect that appears to result from the maturation of
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Fig. 10. Scheme showing the action of atrial natriuretic peptide (ANP) on the glomerular podocyte and tubular epithelial cell. (A) In the normal
adult or sodium-loaded neonate, ANP stimulates receptors in podocytes resulting in the generation of intracellular cGMP, which is actively secreted
from of the cell into the tubular fluid, where it inhibits sodium reabsorption. (B) In the normal neonate, cGMP generated in podocytes (in response
to circulating ANP) is not pumped out of the cells, allowing increased sodium reabsorption across the tubule (data are from the author’s studies
and are used with permission from the American Physiological Society, American Journal of Physiology, and Williams & Wilkins, Pediatric Research
[61–64]).
from being limited, the neonatal kidney is finely adapted natriuretic response of the neonate to dopamine is also
attenuated, and receptors mediate enhanced sodium re-to its role in maintaining positive sodium balance despite
a relatively low dietary sodium intake. A wide variety absorption (as opposed to sodium excretion in adults).
Activity of systemic hormones that promote renal so-of physiologic mechanisms are called into play, including
enhanced sodium reabsorptive capacity in all nephron dium reabsorption is also increased in the neonate. Thus,
multiple endocrine systems are integrated with the renalsegments, an increased renal sympathetic nerve activity,
and elevation in circulating catecholamines. Compared regulatory mechanisms to enhance sodium conservation.
In this review, data have been included from bothwith the adult response, the attenuated excretion of an
acute sodium load by the neonatal kidney is simply an preterm and term infants. As highlighted in Figure 4,
although preterm infants are born with lower GFRs andadaptation to sodium conservation, mediated largely by
increased activity of the renin-angiotensin system and a have a slower rate of increase than term infants, they
are born with a higher fractional sodium excretion.reduction in circulating levels of ANP. In addition, the
cellular response to ANP, by both the podocyte and the Moreover, as shown in Figure 6, parturition has a rela-
tively small effect on the maturation of GFR, but a pro-tubular cell, is reduced in the neonatal kidney, but can
be increased by chronic dietary sodium loading. The found effect on the maturation (reduction) in fractional
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